Modeling the delayed dissociation of clusters had been over the last decade a frontline development area in chemical physics. It is of fundamental interest how statistical kinetics methods previously validated for regular molecules and atomic nuclei may apply to clusters, as this would help to understand the transferability of statistical models for disintegration of complex systems across various classes of physical objects. From a practical perspective, accurate simulation of unimolecular decomposition is critical for the extraction of true thermochemical values from measurements on the decay of energized clusters. Metal clusters are particularly challenging because of the multitude of low-lying electronic states that are coupled to vibrations. This has previously been accounted for assuming the average electronic structure of a conducting cluster approximated by the levels of electron in a cavity. While this provides a reasonable time-averaged description, it ignores the distribution of instantaneous electronic structures in a ''boiling'' cluster around that average. Here we set up a new treatment that incorporates the statistical distribution of electronic levels around the average picture using random matrix theory. This approach faithfully reflects the completely chaotic ''vibronic soup'' nature of hot metal clusters. We found that the consideration of electronic level statistics significantly promotes electronic excitation and thus increases the magnitude of its effect. As this excitation always depresses the decay rates, the inclusion of level statistics results in slower dissociation of metal clusters.
I. INTRODUCTION
Dissociation induced by collisional excitation or photoexcitation at a controlled energy is a major tool in cluster research. 1, 2 This probe determines the fragmentation pathways and energies for gas-phase ions. These data often enable one to elucidate the geometries of clusters and gain insight into their electronic structures. This information is also useful in validating calculations on cluster growth and binding, in particular testing the results of global optimization searches. [3] [4] [5] It is now established that the decomposition of excited clusters is hardly ever a direct process, but is preceded by the redistribution of energy among the available degrees of freedom. Hence dissociation occurs not immediately upon excitation, but with a certain time lag. This delay swiftly increases with increasing number of vibrational modes, that is number of atoms in a cluster. Experimentally, to observe the dissociation on a reasonable timescale, the excitation energy typically needs to exceed the thermodynamic threshold. This phenomenon is referred to as the kinetic shift. On the time scale ͑ϳ100 s͒ of quadrupole mass spectrometry, normally employed in cluster dissociation experiments, sizable kinetic shifts are usually encountered for species containing more than 6-7 atoms. Extraction of the true threshold from these data depends on proper correction for the kinetic shift. This correction has been discussed extensively in cluster studies, including those for metal clusters. Calculation of kinetic shifts involves modeling of the molecular decay using statistical dissociation treatment, such as, Rice-Ramsperger-Kassel-Markus ͑RRKM͒ theory, 6 phase space theory ͑PST͒, 7 and, more recently, the statistical adiabatic channel model ͑SACM͒, 8 and microcanonical variational transition state theory ͑VTST͒. 9 All these formalisms have been developed for dissociation on a single ͑ground state͒ potential energy surface, which applies to molecular and covalently bound atomic clusters that are normally ''insulating'' ͑featuring large HOMO-LUMO gaps͒. Direct application of these methods to metal clusters is questionable, as all but the smallest ones have a multitude of low-lying electronic states. These states are presumably strongly coupled to vibrations ͑embedded in a vibrational heat bath͒, are readily accessible at the excitation energies typically required for decomposition, and therefore should be populated heavily thus producing an environment termed a ''vibronic soup.'' 10 While the importance of the electronic degrees of freedom in the dissociation kinetics of metal clusters has been noted previously, 1, [10] [11] [12] [13] the issue remains among the least understood aspects of the problem. For example, a large discrepancy between the binding energies for Cu and Al cluster cations measured by different methods [14] [15] [16] [17] [18] [19] has recently been blamed on the possible involvement of excited electronic states in photodissociation.
Continuing interest in accurate thermochemistry of metal clusters 10, makes it important to appreciate better the contribution of excited electronic states to unimolecular decay kinetics. However, this matter has not received much attention to date, while the belief that ''the contributions from the excited electronic states to the stable species and the transition state cancel'' 12 has often been expressed. In contrast to this, other aspects of dissociation kinetics of metal clusters are now modeled with great sophistication using both statistical theories and the methods of molecular dynamics. [39] [40] [41] 
II. PREVIOUS TREATMENTS OF ELECTRONIC EFFECTS IN THE DECAY KINETICS

A. Early approximate models
Over a decade ago, Smalley and collaborators 10 had presciently pointed out that ''standard unimolecular fragmentation formalisms, such as RRKM, are extremely difficult to adapt to systems exhibiting nonadiabatic motion on more than a few potential energy surfaces, let alone hundreds of coupled surfaces (the ''vibronic soup'') typical of large transition metal clusters.'' The first attempt to so do was made by Amrein et al. 29 Their approach was to postulate an ''electronic degree of freedom'' equivalent to the vibrational modes in standard statistical treatments, thus augmenting the total number of oscillators by one. The levels in this extra oscillator were assumed to be identical to those for an electron confined in a spherical box of cluster dimensions. The total density of states ͑DOS͒ in all oscillators was then calculated by convolution using the Beyer-Swinehart ͑BS͒ numerical algorithm. 42 The above assignment of ''electronic oscillator'' levels misses the fundamental distinction between electrons as fermions and phonons as classical quasiparticles, which results in the electronic levels being confused with electronic states. For phonons, there is indeed no distinction, because all phonon modes are mutually independent ͑in the harmonic approximation͒, which allows the separation of vibrational excitation into uncoupled one-phonon oscillators. Any vibrational level in each oscillator corresponds to a state, and the total DOS can be obtained by a convolution over all oscillators. 42 Had the cluster contained two valence electrons or less, the same treatment for the ''electronic oscillator'' would have been appropriate. Real clusters normally have at least three such electrons, and no separation of electronic excitation into separate ''oscillators'' is possible due to the fermionic nature of electrons. Consequently, one can construct a much greater number of states up to certain energy than there are levels up to that energy. Also, the initial energies of all electrons in a cluster are nonzero and nonidentical.
A more physical treatment of electronic effects on the decomposition kinetics of metal clusters has been presented by Hansen and Manninen ͑HM͒. 43 Their model assumes strong nonadiabatic coupling of electronic states to vibrations. The total vibronic DOS, P(E) has been obtained by convolution over the electronic DOS, p el () and vibrational DOS, p vib (E), vis.,
where is the energy stored in electronic excitation. This expression resembles the standard RRKM calculation of rovibrational DOS by convolution of vibrational and rotational state densities. To allow for an analytical evaluation, Eq. ͑1͒ has been factored 43 by treating as a perturbation, thus assuming a small electronic excitation. Another assumption has been that the electronic states are densely spaced. In general, that is not the case at the lowest energies, where they are most heavily populated and thus most important for decay kinetics.
Further, to obtain the microcanonical decay rate, k(E), HM employed the Weisskopf-Engelking formula, 44, 45 dk͑EЈ͒ϳ
where EЈ is the kinetic energy release, and the superscript '' † '' indicates the transition state. Upon integration, Eq. ͑2͒ yields the RRKM dependence,
where W is the number of states and D is the dissociation energy. HM have instead suspended the differentials from Eq. ͑2͒ and used just
It was argued 43 that the exact formula for k(E) is immaterial, as only the relative electronic correction to the rate is investigated. However, as W † and P † are energy-dependent, Eqs. ͑3͒ and ͑4͒ are not equivalent, and Eq. ͑3͒ cannot be factored into a vibrational part and electronic correction in the manner of Eq. ͑4͒. Since W(E) increases with increasing energy slower than does P(E), the substitution of Eq. ͑4͒ for Eq. ͑3͒ results in an overestimation of dissociation rates.
Most importantly, HM concluded that earlier analyses of experimental evaporation rates yield the Helmholtz free energy of dissociation rather than the desired ground state dissociation energy. 43 Their derivation of this finding was based on the limits of large cluster size and high excitation energy (EӷD). The latter implies equal temperatures for the reactant and transition state. When the reactant and transition state have identical electronic structures, HM's conclusion would give no electronic correction to the decay rates.
B. RRKM-based numerical calculation
The approximations made by HM ͑Ref. 43͒ were lifted by Ervin and co-workers 46 who had incorporated the electronic degrees of freedom into dissociation kinetics both adiabatically and nonadiabatically. In both treatments, the decay rates were calculated using the exact RRKM formalism ͑3͒. In the nonadiabatic case, this amounts to the evaluation of
where w j † and p j are, respectively, the sum and density of vibrational states belonging to the jth electronic state of the transition state and reactant cluster. The jth electronic state has degeneracy g j , electronic term energy j , and dissociation energy D j . The summation includes all states from the ground state, jϭ0, to the highest accessible state, j max . In the adiabatic states model, the total rate is given by the weighted sum over partial state-to-state rates,
where the jth electronic state of the reactant cluster after excitation has the statistical population f j (T). The quantity T is the reactant temperature, with electronic and vibrational degrees of freedom in equilibrium, that corresponds to the average vibronic energy per cluster equal to the total energy E. The set of electronic states was created by a permutation of the occupancies of cluster electron energy levels. 47 Those levels arise from a semiclassical solution 46 for a particle in an empirical potential mimicking the analytical jellium model.
48-51
The above procedure is crude, as it does not yield sizespecific behavior such as shell structure. Still, the spacings of electronic levels in metal clusters reproduce the average measured values as a function of size. 52, 53 The huge number of electronic states in medium-sized metal clusters accessible at typical excitation energies leaves no hope for their individual consideration. However, ''boiling'' clusters are molten droplets that sample a large region of configuration space, isomerizing between numerous instantaneous geometries. Whereas the lowest-energy geometry would, statistically, be visited more often than any other single structure, it would not be representative of the time-averaged scenario reflected in experimental observables. Hence, even had it been feasible to elucidate the complete electronic state diagram for the global minimum ͑or any other specific configuration͒, this would have been of marginal utility in the modeling of dissociation kinetics. This understanding had been the ground for adoption of the average electronic level picture in Ref. 46 .
The problem is that, while the ''particle-in-a-box'' treatment 46 generates a reasonable average set of electronic levels for the relevant ensemble of geometries, it ignores the distribution of the level structure around the average. This distribution can be equivalently viewed either as the property of an ensemble of all possible isomers in equilibrium at the temperature corresponding to the excitation energy, or as the time-averaged property of a single dynamic cluster. Either way, the average of the convolution of RRKM rate expression with an ensemble of electronic states need not equal to the convolution of that expression with the ensemble average. In this contribution, we construct a formalism accounting for that the electronic structure of a metastable cluster continually changes as a result of nuclear motion. This model is the ultimate representation of the completely chaotic environment in the ''vibronic soup.''
III. ACCOUNTING FOR ELECTRONIC LEVEL STATISTICS
A. Description of vibronic soup via electronic level statistics
Just as it is impossible to model all individual electronic states for a particular geometry of a metal cluster, one cannot locate and consider all specific atomic configurations sampled by a hot liquid drop before it dissociates. Thus our only hope is that the essential features of the time-averaged distribution of electronic levels in such a drop could also be described by some statistical mechanism. This capability is provided by the random matrix theory ͑RMT͒. According to the RMT, the electronic level spacings near Fermi level (E F ) in a system with completely chaotic nuclear motion follow the Wigner-Seitz distribution,
where p LEV Ј (E X ) is the normalized level density at energy E X above the HOMO and ͗⌬ G ͘ is the average level spacing at E F . The distribution ͑7͒ is plotted in Fig. 1 . An important feature is that the most probable E X is lower than ͗⌬ G ͘. A rigorous proof of Eq. ͑7͒ has turned out to be elusive, however a variety of computational methods [54] [55] [56] [57] [58] [59] [60] [61] [62] has produced results in excellent agreement with Eq. ͑7͒. More details are found in a recent review. 63 Brechignac and co-workers 64, 65 have provided some experimental evidence validating the RMT for hot alkali metal clusters. Technically, Eq. ͑7͒ has been derived only for the level spacings at the Fermi energy. Below we assume that it is also true at other energies, of course with the average spacings at those energies substituted for ͗⌬ G ͘. While the applicability of Eq. ͑7͒ to levels away from E F has not been proven, this issue is largely immaterial here as those levels are not populated ͑or depopulated in the case of below-HOMO levels͒ at energies relevant to statistical dissociation in realistic cases.
We now move to the calculation of electronic effects on kinetic rates. Results are presented in terms of the electronic correction to the decomposition rates, el (E), defined as the ratio of the microcanonical rates with inclusion of the electronic degree of freedom to that of the ground electronic state, el (E)ϭk el (E)/k jϭ0 (E). In the following subsection, we consider the kinetics at threshold. In this limit, insightful analytical approximations can be made for the convolution of Eq. ͑7͒ into the RRKM rate expressions. Away from threshold, the problem cannot be addressed analytically; the numerical solution is presented further below.
B. Threshold dissociation
Here we find el (E) at the dissociation threshold (E⇒D) for very large clusters (N⇒ϱ). As we proceed, the results will be compared with expressions obtained previously 46 
To use Eq. ͑8͒, the populations of excited electronic states ( f j ) must be evaluated. For this purpose, we will need the notions of electronic state ''groups'' and ''bunches.'' 46 The states may be classified by the number of electrons that have to be promoted, q, and the total excitation in terms of the number of level spacings, L; see Fig. 4 and Table II in Ref. 46 . States belonging to the same Lth bunch are isoenergetic if the levels are spaced uniformly, as is the case in the N⇒ϱ limit ͑in our model͒.
First, we disregard all states with jϾ1. The energy of the first excited state is equal to the level spacing at E F , hence its population can be evaluated by the convolution of Eq. ͑7͒ with the Maxwell-Boltzmann statistics. Using the fact that the first bunch contains the lowest excited state only and that, in the limit of N⇒ϱ, Eϭ⌬H vap 0 ͑bulk vaporization enthalpy͒, we arrive at
where g i is the degeneracy of the ith electronic state, Q el is the electronic partition function, T is the equilibrium vibronic temperature, and k B is the Boltzmann constant. The integration here is valid, because the experimental cluster ensembles are very large and thus the distribution of electronic levels in them is practically continuous. For comparison,
without level statistics. 46 As described in Ref. 46 , one may set TϭD/͓k B (3N-6)͔, which, in the limits of E⇒D and N⇒ϱ, reduces to Tϭ⌬H vap 0 /(3Nk B ). Considering that
where n is the number of valence electrons per cluster atom, and introducing X ϭE X /͗⌬ G ͘, we recast Eq. ͑9͒ as
Hence the population of the first excited state is determined solely by the value of (n⌬H vap 0 /E F ). This quantity termed the excitation factor (F el ) is already known to determine the populations of all excited electronic states in the model ignoring level statistics. 46 Then f 1 ϭg 1 ⌽(F el )/Q el , where
͑11͒
The parametric integral ͑11͒ converges with any value of F el , but is not analytical at any finite F el . Equation ͑9Ј͒ can be formally reduced to f 1 ϭg 1 ⌽Ј(F el )/Q el , when
Now we consider the electronic states of the second bunch. Although we shall continue to use the notion of bunches for accounting convenience, the incorporation of level statistics makes it necessary, from this point, to terminate the simple lumping of the states of different nature into bunches with a total degeneracy, and to consider each state separately. For even clusters, the second bunch consists of one singly degenerate singlet and two quadruply degenerate triplets. Their populations, f 2 Љ and f 3 Љ , respectively, are
where E Y is the spacing between LUMO and the level above it ͑or the HOMO and the level below it͒. The integrals ͑12͒ and ͑13͒ can be processed analogously to Eq. ͑9͒ yielding
In odd clusters, the second bunch of electronic states contains two doubly degenerate doublets and one octuply degenerate quadruplet. 
and N m is the number of electrons promoted over the mth spacing.
Indeed, the population of the jth excited state resulting from a promotion of some number of electrons within N L successive spacings can be expressed by an N L -fold integral containing the Maxwell-Boltzmann distribution
The quantity E j equals to the sum of all level spacings within N L , each taken with the integer coefficient for the number of electrons promoted over this spacing. Since the number of spacings involved must be finite, ⌬H vap 0 /E j ⇒ϱ and the total integral can be separated into a combination of N L integrals. This can always be carried out in a way that each of the resulting integrals would consist of one factor ͗⌬ G ͘p LEV Ј (E X ) and the part of the initial exponent equal to exp(Ϫ4N m /F el ).
Note that all foregoing arguments are phrased in terms of an arbitrary level spacing distribution p LEV Ј (E X ), therefore its particular form does not affect the above rule. However, Eq. ͑7͒ is the only analytical distribution ever proposed for the description of level statistics. This confers major importance on the function ⌽ of Eq. ͑11͒ as a single building block for all further calculations. For the practical range of F el values, ⌽(F el ) is graphed in Fig. 2 .
As stated above, ⌽(F el ) is not analytical; however, an accurate analytical approximation can be made. For small F el , the electronic excitation is concentrated in the cluster isomers with low-energy levels. This permits one to expand Eq. ͑11͒ in powers of X and remove the terms of second order or higher. The result can be integrated,
32
. ͑17͒
The approximation ͑17͒ is compared with the true dependence ͑11͒ in Fig. 2 . As expected, the two forms asymptotically approach as F el ⇒0 but increasingly deviate at higher F el values. In practice, the approximation is good up to F el Х0.6. However, by inspection of Fig. 2 , ⌽(F el ) is nearly linear at higher F el . The first-order regression to the segment of ⌽(F el ) above 0.6 ͑see Fig. 2͒ is
Together, Eqs. ͑17͒ and ͑18͒ provide an excellent analytical approximation to ⌽(F el ).
To exemplify the use of rule ͑16͒, we evaluate the total population of all states with Lϭ3 for even clusters. This third bunch has five quadruply degenerate triplets. Three of them represent one-electron excitations, each having the population of 4⌽(F el ). 3 Two others are two-electron excitations where one electron is promoted over two spacings and two electrons over one spacing, hence their populations are 4⌽(F el )⌽(F el /2) each. Then the total population of the third bunch is
The total populations of bunches with Lр7 calculated using rule ͑16͒ are listed in Table I . Again, these results are general and not limited to any specific form of ⌽(F el ), including that given by Eq. ͑11͒. In particular, the ⌽Ј(F el ) from Eq. ͑11Ј͒ properly reduces the entries in Table I to the expressions known 46 in the approximation that ignores level statistics. For example, for the third bunch of states in even-electron clusters,
Substitution of the populations listed in Table I into formula ͑8͒ enables us to plot el (E⇒D) for both even and odd clusters ͑Fig. 3͒. The corresponding el (E⇒D) calculated ignoring level statistics 46 are shown for comparison. We have verified that the inclusion of seven bunches of excited states ensures the convergence of all curves up to the highest F el considered (F el ϭ3). Obviously, accounting for level statistics significantly decreases the values of el (E⇒D) for both even and odd clusters at any F el . The difference, however, diminishes at higher F el , and the results with and without level statistics would asymptotically approach each other in the limit of F el ⇒ϱ. This is because the electronic state populations at higher excitation energies are less dependent on the term energies that are affected by level statistics. Similar to the case without level statistics, 46 the difference between odd and even clusters diminishes with increasing electronic excitation. This happens because the distinction ͑by a factor of 2͒ in the ground state degeneracy that mostly causes the difference between odd and even clusters becomes less important as the ground states depopulate at higher F el values.
One can readily see why the inclusion of level statistics necessarily augments electronic excitation and hence increases the magnitude of its kinetic effect that always suppresses unimolecular decay. First, the most probable energy spacing between HOMO and LUMO ͑as well as successive electronic levels͒ given by the RMT is lower than the average value ͗⌬ G ͘ ͑Fig. 1͒. More importantly, the RMT distribution of E X is roughly symmetrical with respect to its maximum, whereas the thermal distribution exp͓ϪE j /(k B T)͔ rapidly decreases with increasing energy. Hence the convolution of the latter with the RMT is greater than that with the -function at ͗⌬ G ͘. In other words, only low-energy states are materially populated at relevant cluster temperatures, therefore reducing the term energies of some states augments the total electronic excitation even if the energies of other states become higher and the average term energy is conserved.
C. Dissociation away from threshold
The approximations necessary for the derivation of the above analytical solutions cannot be made for energies away from the threshold, and the problem has to be solved numerically. Our simulation has been performed in the nonadiabatic treatment ͑5͒ and is largely built upon the electronic state model developed in Ref. 46 . Briefly, our algorithm for cre- 
Reference 46.
FIG. 3.
The upper boundaries for correction factors to the RRKM threshold dissociation rates in the large cluster limit (N⇒ϱ), with and without level statistics ͑solid and dashed lines, respectively͒. In both sets, the upper curves are for odd-electron and the lower ones are for even-electron species.
ating electronic states starts by constructing single excitations (qϭ1) from the HOMO to increasingly higher levels, up to the highest bound level or the excitation energy ͑whichever is reached first͒, or to a preset energy that ensures convergence of results. Then all single excitations from orbitals progressively lower than the HOMO are considered, up to the maximum state energy. This procedure is repeated for all double and triple promotions, and some lower-energy quadruple excitations. Electronic states arising from promotions to levels above the detachment energy are disallowed because these would represent unbound continuum states. However, quasibound excited states above E D are permitted, if they result from the promotion of multiple electrons to levels below E D . There is no discrimination between truly and quasibound states in this work. The sums and densities of vibrational states in the Eq. ͑5͒ have been counted directly using the BS algorithm. 42 Our present model differs from earlier work 46 in that, to account for level statistics, Eq. ͑5͒ is averaged over an ensemble of electronic state sets. To create this ensemble, the spacings between neighboring electronic levels are assigned randomly subject to the Wigner-Seitz distribution ͑7͒ around the average values obtained by the approximate solution of electron-in-a-cavity problem 46 ͑see Fig. 4͒ . In this process, we fix the lowest electronic level at its value in the case without level statistics 46 and vary the spacings stepping up the ladder. This means that the Fermi energy also fluctuates, although variations in the spacings starting from the bottom of the potential well partly cancel in successive additions. The number of electronic state sets in the ensemble is increased until calculated dissociation rates converge within the predetermined margin ͑a few thousand points normally suffice͒.
For specific examples, we have chosen sodium (F el ϭ0.36), aluminum (F el ϭ0.88), and tantalum (F el ϭ1.93) clusters 46 to sample a range of dissociation energies and valencies ͑nϭ1, 3, and 2, respectively, using the number of s-electrons͒. To cover the evolution of effect as a function of cluster size, we show the cases of Na 6 , Na 14 , and Na 24 . As the electronic structure of odd clusters differs from that of the even ones, Na 15 is also considered. Finally, Na 15 cation represents the charged clusters.
The results are presented in Fig. 5 in terms of kinetic electronic corrections to the microcanonical dissociation rates. 66 Similar to Ref. 46 , we plot el (E) from the thermodynamic threshold, EϭD, to an energy causing a dissociation in roughly 10 ps ͑on the single ground state͒. Higher energies would induce decomposition on a time scale where direct processes are expected to dominate and thus a statistical model would not be physically reasonable. At threshold, the numerically computed el broadly agree with the analytical limits in Fig. 3 . As expected, the values for el (E) cal- To illustrate the effects of cluster size, electron parity, charge state, and nature of the metal, we show the cases of Na 6 , Na 14 , Na 24 culated including level statistics are always lower than those found assuming the average electronic structure, 46 in other words the impact of excited electronic states on decay kinetics is augmented. The difference is most significant near threshold and diminishes at higher energies where the rates asymptotically approach those computed without level statistics. 46 This happens for two reasons. First, the populations of excited electronic states are less influenced by their term energies at higher cluster temperatures. Second, the total electronic excitation is increasingly localized in highly excited states, and their term energies are less affected by level statistics because the distribution narrows in the successive additions of level spacings. The net outcome is that el (E) curves become less dependent on the excitation energy. Even without level statistics, the magnitude of kinetic electronic correction is remarkably independent of energy over a huge range of dissociation rates and is mostly determined by the metal nature. 46 The inclusion of level statistics makes this true to an even greater extent. 67 The downward shifts of el (E) due to level statistics appear to only weakly depend on the metal nature and cluster size and charge state, and are similar for odd-electron and even-electron species. So the electronic corrections presently evaluated including level statistics exhibit many of the previously found trends. 46 These include the difference between odd-electron and evenelectron clusters ͑the magnitude of correction is greater for the latter͒, the impact of cluster charge ͑the effect increases on the way from cations to neutrals to anions͒, and the dependence on the nature of metal as represented by the parameter F el . A detailed discussion of the physical basis for these trends can be found in Ref. 46 .
The kinetic electronic corrections for the clusters of refractory transition metals with high F el values are dramatic. For example, the decay rate for Ta 6 is depressed by over an order of magnitude at any excitation energy ͑Fig. 5͒. This is the case when only two s-electrons are assumed eligible for promotion, and the inclusion of any d-electrons would result in yet lower el (E) values. One should also keep in mind that our methodology for constructing electronic states inevitably misses certain high-energy states, thus undervaluing the overall electronic excitation. Therefore all the results for el (E) presented here are, by definition, upper limits. An overvaluation of decay rates by a formalism employed to extract the binding energies of clusters from experimental data results in an underestimation of kinetic shift and thus overestimation of resulting dissociation energies. It has been pointed out 46 that, for some transition metal clusters, this overestimation may be as high as 0.4 eV. It now appears that the effect is yet greater when the level statistics is properly considered.
IV. SUMMARY
The development described in this contribution builds on existing theory that models the statistical dissociation of metal clusters on multiple electronic states that are strongly coupled to vibrations ͑that is the total energy can flow freely between the electronic and vibrational degrees of freedom͒. In a previous implementation, the electronic structure of a cluster has been obtained by approximately solving for the energy levels of an electron in a cavity. This fairly reflects the time-averaged picture for a dynamic hot cluster, or, equivalently, the average over instantaneous conformations visited in the course of its vibrational motion. However, this approach ignores the fact that electronic levels and states actually fill a certain distribution around that average. When the underlying nuclear motion is completely stochastic as appropriate for a ''boiling'' cluster, this distribution has been shown by the random matrix theory to have the WignerSeitz form.
Here we have incorporated the distribution of electronic levels yielded by the RMT into a simulation of decay kinetics of metal clusters using statistical treatments. For a nearthreshold dissociation, in the limit of large cluster size, the kinetic electronic effect can be evaluated analytically via a direct convolution of the Wigner-Seitz and MaxwellBoltzmann distributions. The result can be expressed in terms of a functional over parametric integrals. Importantly, this formalism is not specific to the form of the WignerSeitz function and would hold for any distribution of electronic state levels. To calculate the effect on the dissociation kinetics of finite-size clusters for energies away from threshold, the Wigner-Seitz distribution has been incorporated into the numerical RRKM simulations using Monte Carlo perturbation of electronic level energies.
The inclusion of electronic level statistics always decreases dissociation rates. This happens because the electronic excitation necessarily slows down unimolecular decay by withdrawing energy from nuclear motion, and this excitation is uniformly enhanced by the consideration of level statistics. The reason for this is that random permutation of electronic levels creates a certain population of lower lying, and thus more accessible, electronic states. The enhancement of kinetic electronic effect by level statistics is particularly significant near the dissociation threshold, where the cluster temperature is modest and thus the presence of low-lying electronic states materially affects the overall electronic excitation. At high excitation energies, the electronic state populations are less dependent on their energies and the rates calculated with and without level statistics converge. Most trends in the kinetic electronic correction as a function of the metal nature, cluster size, charge, and electron parity remain the same as in the case without level statistics. 46 The decrease of theoretical dissociation rates means the increase of calculated kinetic shift and thus lower cluster binding energies extracted from the measurements. The kinetic electronic correction is known to necessitate downward revisions of experimental binding energies for metal clusters, 46 for many transition metal species by an amount of up to 0.4 eV. It now appears that the magnitude of this correction had been underestimated, and the reported binding energies are to be shifted yet further down. In conclusion, this contribution further showcases a major importance of electronic excitation in the decay kinetics of metal clusters, a factor still unjustifiably ignored in most studies.
ACKNOWLEDGMENTS
The work reported here had been initiated during A.S.'s graduate studies at the University of Nevada, and some pre-liminary results were included in his thesis. 68 We thank Professor John H. Frederick and Professor Kent M. Ervin for many useful discussions on statistical rate theories and their application to clusters. This research was funded by the Natural Sciences and Engineering Research Council of Canada ͑NSERC͒.
